Introduction
============

Based on immunohistochemical studies, the mammalian oculomotor nucleus has been reported to receive a strong γ-aminobutyric acid (GABA)ergic synaptic input (de la Cruz et al., [@B5]; Spencer et al., [@B38]; Wentzel et al., [@B44]). Electrophysiological investigations have demonstrated an ipsilateral disynaptic inhibition from the labyrinth to the oculomotor nucleus motoneurons; this inhibitory postsynaptic potential is blocked by the GABA antagonists bicuculline and picrotoxin (Ito et al., [@B22]; Highstein, [@B16]; Precht et al., [@B34]; Uchino and Suzuki, [@B43]). These data, together with those showing a high density of GABA-immunoreactive vestibular neurons (Highstein and Holstein, [@B17]), suggest that this neurotransmitter plays a key role in mediating the vertical vestibuloocular reflex (Highstein and McCrea, [@B18]). It has also been proposed that GABA is utilized as an inhibitory neurotransmitter by premotor neurons related to the control of horizontal and vertical saccadic eye movements (de la Cruz et al., [@B5]; Spencer and Wang, [@B37]; Horn et al., [@B19]). The oculomotor system in the goldfish provides a suitable model for comparative research as these animals exhibit compensatory eye movements in response to head and visual-field displacements, together with a marked pattern of spontaneous saccades in the horizontal plane (Easter, [@B8]; Pastor et al., [@B31]; Keng and Anastasio, [@B23]; Mensh et al., [@B29]). The motoneurons innervating the eye muscles in the goldfish lie in similar locations to those found in other vertebrates (Graf and McGurk, [@B13]), and their firing properties resemble those reported in both cats and monkeys (Delgado-Garcia et al., [@B6]; Fuchs et al., [@B11]; de la Cruz et al., [@B4]). Furthermore, the extraocular motor nuclei in the goldfish show GABAergic innervation, and the stimulation of the vestibular nerve produces ipsilateral inhibitory postsynaptic potentials (Graf et al., [@B14]). Finally, the structures projecting to the ocular motor nuclei in the goldfish are similar to those reported in mammals (Allum et al., [@B2]; Torres et al., [@B42], [@B41]). Based on these similarities, the present study was designed to investigate the GABAergic projections to the oculomotor nucleus in the goldfish, in order to determine if this inhibitory circuitry is preserved throughout vertebrate phylogeny.

Materials and Methods
=====================

Experiments were carried out in 10--15 cm long goldfish (*Carassius auratus*), which were obtained from local suppliers. All studies were performed in accordance with the European Community Directive 2003/65, as well as with the Spanish Royal Decree 120/2005 and University of Seville regulations on the care of laboratory animals. Under general anesthesia (tricaine methanesulfonate, MS222, 1:2000 wt/vol, Sigma-Aldrich), the animal was clamped between two sponge rubber pads inside a home-made Perspex water chamber. The mouth was fitted to a plastic tube connected to a well aerated recirculating system propelled by a pump to ensure a constant flow over the gills. The cranial bones and the tissues overlying the tectal and telencephalic lobes were gently removed to avoid bleeding, after which an insulated silver (250 μm diameter) bipolar electrode was implanted in the left oculomotor nerve with a micromanipulator (Figure [1](#F1){ref-type="fig"}A). The final location of the stimulating electrode was such that a single short pulse (50 μs) of low current strength (\<100 μA) evoked a twitch of the medial rectus muscle, leading to a nasally directed eye movement. The left oculomotor nucleus was identified by recording the antidromic field potential (Figure [1](#F1){ref-type="fig"}B) with a 2-M NaCl-filled glass micropipette (1--5 MΩ). This microelectrode was then exchanged for a glass micropipette (10--15 μm tip diameter) filled with 10% biotin dextran amine (BDA, Invitrogen) in phosphate buffered saline (PBS, 0.1 M, pH = 7.4). The micropipette was driven to the oculomotor nucleus, which was again identified based on the antidromic field potential. Cathodal pulses (10 s on followed by 5 s off) of 5--7 μA were delivered over a period of 15--20 min. After injection, the piece of bone removed during surgery was restored and fixed in place.

![**Electrophysiological identification of the oculomotor nucleus and location of the injection site**. **(A)** Schematic representation of the experimental design for the antidromic identification of the oculomotor nucleus following electrical stimulation (St) of the third cranial nerve. The location of the oculomotor nucleus and the trajectory of the third nerve are schematically illustrated in blue. **(B)** Antidromic field potentials recorded in the oculomotor nucleus following oculomotor nerve stimulation (St; triangle shows the onset of the stimulus). Recordings were obtained at several depths (indicated in mm) as the electrode was driven from the dorsal (d) to the ventral (v) part of the nucleus. **(C)** Schematic drawing showing the location of the BDA injection site at the level of the oculomotor nucleus; the central core is shown in black and the spread area of the injection site in gray. **(D)** Confocal photomicrograph of the injection site. The green area corresponds to the deposit of BDA and the motoneurons are stained in red after immunohistochemistry against ChAT. Some ChAT-positive motoneurons (arrowheads) and a double-labeled motoneuron (arrow) can be seen contralateral to the injected oculomotor nucleus. Anatomical abbreviations in Figure [2](#F2){ref-type="fig"}.](fnana-05-00007-g001){#F1}

Following 7--10 days of postoperative survival time, the fish was again anesthetized in MS222, then transcardially perfused with 100 ml teleost Ringer\'s solution, followed by 200 ml of a fixative solution (4% paraformaldehyde, 0.08% glutaraldehyde, and 15% picric acid in 0.1M phosphate buffer, pH = 7.4). The brain was removed from the skull and cut serially in a cryostat into 50 μm transverse sections. Free-floating sections were washed in PBS and incubated for 1 h at room temperature in 10% normal goat serum (Sigma-Aldrich). They were then exposed to rabbit anti-GABA (1:1000, Sigma-Aldrich) overnight at room temperature and to goat anti-rabbit IgG-Cy3 (1:400, Jackson Immunoresearch) for 2 h. To visualize the BDA tracer, the sections were treated with 2% fetal bovine serum for 1 h, before being incubated with antibiotin-FITC (1:120, Sigma-Aldrich) for 2 h. To reveal the location of the injection site in relation to the oculomotor nucleus, the motoneurons were immunohistochemically stained for choline acetyl transferase (ChAT). Transverse mesencephalic sections were incubated with 3% rabbit serum for 1 h, followed by a solution of goat anti-ChAT antibody (1:100, Millipore) overnight at room temperature, and rabbit anti-goat IgG-Cy3 (1:200, Jackson ImmunoResearch Labs.) for 2 h. All solutions were prepared in a PBS solution containing 0.3% Triton X-100. Furthermore, the specificity of the immunolabeling was tested by incubating some sections without the primary antibody. Additional information about the specificity of the primary antibody used in the present study was provided by Sigma; that is, rabbit anti-GABA shows positive binding with GABA, in a dot blot assay, and negative binding with BSA. Finally, the sections were placed on gelatinized glass slides and coverslipped with fluorescent mounting medium (Dako Cytomation). Sections were first analyzed using a fluorescence microscope (Olympus BX61), then photographed in a confocal microscope (Leica TCS-SP2). Data were collected from six experiments in which the central core of the injection site lay in the oculomotor nucleus, the BDA retrograde transport was deemed to be effective because stained cells were located as distant as the inferior rhombencephalic reticular formation, and GABA showed good penetration (\>60% of the section thickness). Both retrogradely labeled and GABA-positive cells were scored (stated as mean ± SE) and mapped onto transverse schematics. Ipsilateral and contralateral neurons were depicted relative to the injection side. The average somal diameter (long axis + short axis/2) was measured. The nomenclature adopted in this study was that used by McCormick and Bradford ([@B27]) and Meek and Nieuwenhuys ([@B28]).

Results
=======

The location of the injection site within the oculomotor nucleus was first determined by the antidromic field potential evoked following the electrical microstimulation of the third nerve (Figure [1](#F1){ref-type="fig"}A). This field potential was characterized by a prominent negative voltage wave with a latency of less than 1 ms from the stimulus onset to the negative peak. The amplitude of the negative peak increased toward the center of the oculomotor nucleus (Figure [1](#F1){ref-type="fig"}B). In all cases (*n* = 6), the antidromic potential was recorded along 300--600 μm in the dorso-ventral axis and exhibited a negative peak larger than 0.4 mV. The injection site was also characterized by the extent of the central core and spread area of the BDA tracer in relation to the labeling of the motoneurons (revealed by ChAT immunohistochemistry). The central core of the injection site was confined to the oculomotor cellular column close to the midline (Figures [1](#F1){ref-type="fig"}C,D), extending from the rostral to the caudal pole of the nucleus (∼500 μm). In other words, the region of effective BDA uptake included all motoneuronal pools (that is, the motoneurons innervating the ipsilateral medial rectus, the inferior rectus, and the inferior oblique eye muscles) of the oculomotor nucleus in the goldfish (Graf and McGurk, [@B13]). In the contralateral (non-injected) oculomotor nucleus, some cell bodies positive for both ChAT and BDA were observed (see arrow in Figure [1](#F1){ref-type="fig"}D); these probably correspond to the motoneurons innervating the contralateral superior rectus and/or superior oblique eye muscles. However, the vast majority of the cells in the non-injected nucleus (see arrowheads in Figure [1](#F1){ref-type="fig"}D) were only positive for ChAT, even though they were located close to the midline. The spread area of the injection site reached the dorso-lateral aspects of the oculomotor nucleus (where some of the motoneurons innervating the ipsilateral inferior rectus and inferior oblique eye muscles are located), the ipsilateral medial longitudinal fasciculus and, to a lesser extent, the contralateral oculomotor nucleus.

Retrogradely labeled GABA-positive neurons were more numerous in the octaval column nuclei, less abundant within the rhombencephalic reticular formation, and very scarce within the nucleus of the medial longitudinal fasciculus (Figure [2](#F2){ref-type="fig"}). Within the nuclei of the octaval column, GABAergic neurons projecting to the oculomotor nucleus were located almost exclusively in the ipsilateral anterior octaval nucleus, and only occasionally in the contralateral tangential and descending nuclei. A group of labeled neurons (31.7 ± 3.4) was found in the ipsilateral anterior octaval nucleus and, of these cells, a high proportion were also positive for GABA (∼45%; Figures [2](#F2){ref-type="fig"}C,D and [3](#F3){ref-type="fig"}A). Single- and double-labeled cells, the somata of which were spherical or multipolar (19.6 ± 3.4 μm), were arranged in a rounded cluster, located in the cerebellar peduncle rostral to the entry of the eighth nerve. The axons of these cells traveled toward the ipsilateral medial longitudinal fasciculus, and in some cases were also positive for GABA (Figure [3](#F3){ref-type="fig"}B). In addition, a few stained neurons were located in the contralateral anterior octaval nucleus (6.6 ± 1.9) and in the contralateral magnocellular nucleus (5.1 ± 3.1), but none of these was positive for GABA (Figures [2](#F2){ref-type="fig"}C,D). Caudal to the anterior octaval nucleus, labeled neurons were observed in the contralateral tangential (31.4 ± 7.3) and descending (33.5 ± 5.7) octaval nuclei. Although a few (\<5 per experiment) of the cells in these two nuclei were also positive for GABA, such double-labeled cells were only observed in two of the six cases analyzed. The somata of these double-labeled neurons were spherical (18.6 ± 1.7 μm) and fusiform (18.1 ± 2.1 μm), respectively, in the tangential and descending nuclei.

![**(A--I) Schematic maps of transverse sections through the mesencephalon and the rhombencephalon in a representative experiment, illustrating the injection site, as well as the location of retrogradely labeled GABA-immunonegative (green dots) and GABA-immunoreactive (red dots) neurons**. Each dot corresponds to two labeled neurons. Abbreviations: AO, anterior octaval nucleus; Cb, cerebellum; CCb, corpus cerebelli; CLCb, caudal lobe of the cerebellum; DO, descending octaval nucleus; DT, descending trigeminal tract; EG, eminentia granularis; FL, facial lobe; G, nucleus glomerulosus; HL, hypothalamic lobe; IAF, internal arcuate fibers; M, nucleus medialis; MLF, medial longitudinal fasciculus; nMLF, nucleus of the medial longitudinal fasciculus; OCM, oculomotor nucleus; OT, optic tectum; RI, inferior rhombencephalic reticular formation; RM, medial rhombencephalic reticular formation; RS, superior rhombencephalic reticular formation; T, tangential nucleus; Tel, telencephalon; TS, torus semicircularis; V, ventricle; VCb, cerebellar valvula; VIc, caudal subdivision of the abducens nucleus; VIr, rostral subdivision of the abducens nucleus; VL, vagal lobe; Xm, vagal motor nucleus.](fnana-05-00007-g002){#F2}

![**Confocal photomicrographs of retrogradely labeled (green), GABA-immunoreactive (red) and double-labeled (yellow) neurons and fibers**. **(A)** Neurons in the anterior octaval nucleus (AO). **(B)** Axons running from the anterior octaval nucleus to the medial longitudinal fasciculus (MLF). **(C,D)** Neurons in the rhombencephalic reticular formation (RF). Double arrowheads indicate double-labeled cells and fibers; arrows indicate labeled cells/fibers positive for retrograde tracer or for GABA.](fnana-05-00007-g003){#F3}

Retrogradely labeled neurons, some of which were positive for GABA (\<25%, for each side), were also found in the rhombencephalic reticular formation (Figures [2](#F2){ref-type="fig"}E--I), distributed bilaterally in relation to the injection site, but with contralateral predominance. These cells, which were mainly multipolar (21.5 ± 3.4 μm; Figures [3](#F3){ref-type="fig"}C,D), were located throughout the medial reticular area (contralateral, 25.2 ± 6.7; ipsilateral, 15.3 ± 5.8), and in the rostral pole of the inferior reticular area (contralateral, 12.8 ± 3.2; ipsilateral, 5.1 ± 1.9). Occasionally (three of six experiments), neurons were also observed in the caudal pole of the superior reticular area. In addition, neurons projecting to the oculomotor nucleus were bilaterally placed in the nucleus of the medial longitudinal fasciculus or close to it (ipsilateral, 7.5 ± 3.2; contralateral 3.3 ± 3.2); a few of these cells (\<2 per experiment), lying ipsilateral to the injection site, were also positive for GABA. Finally, GABA-negative neurons (putative eurydendroid cells) were found just above the granular cell layer of the cerebellar vestibulolateral lobe (23.2 ± 4.1; Figures [2](#F2){ref-type="fig"}C,D) and close to the contralateral caudal abducens nucleus (putative abducens internuclear neurons). These latter neurons were distributed in two separated clusters: one close to the caudal abducens nucleus (18.1 ± 5.1, Figure [2](#F2){ref-type="fig"}F) and the other one posterior to it (17.2 ± 6.7, not illustrated).

Discussion
==========

The present study demonstrates for the first time that the teleost oculomotor nucleus receives GABAergic projections from neurons lying in the nuclei of the octaval column, in the rhombencephalic reticular formation, and in the nucleus of the medial longitudinal fasciculus. In contrast, all of the retrogradely labeled neurons that we observed in the contralateral abducens nucleus and the vestibulolateral lobe of the cerebellum were GABA negative. These results are discussed in the context of available information in mammals and interpreted in a functional context.

In mammals, the abducens nucleus is formed by motoneurons and internuclear neurons which project to the ipsilateral lateral rectus eye muscle and to the contralateral medial rectus population of the oculomotor nucleus, respectively. The abducens nucleus is physiologically involved in the generation of conjugate horizontal eye movements, which are produced by the contraction of the lateral rectus muscle in one eye and the medial rectus muscle in the other eye. The burst-tonic activity in abducens motoneurons drives the contraction of the lateral rectus muscle, while the abducens internuclear neurons provide a similar signal to the contralateral medial rectus population of the oculomotor nucleus, which innervates the medial rectus muscle (Delgado-Garcia et al., [@B6],[@B7]; Fuchs et al., [@B11]). The abducens internuclear synaptic endings labeled by anterograde transport are immunoreactive for glutamate and/or aspartate, which is consistent with the physiological and morphological features of the excitatory inputs to the medial rectus motoneurons (Nguyen and Spencer, [@B30]). The abducens internuclear neurons have already been proposed in the goldfish by retrograde labeling studies (Cabrera et al., [@B3]). This proposal is supported by the present findings which demonstrate that the abducens internuclear neurons in goldfish are not inhibitory, at least not *via* GABAergic input to the oculomotor nucleus. The vestibulolateral lobe, consisting of the eminentia granularis and the caudal lobe, is one of the cerebellar subdivisions in teleosts. Various findings have implicated the vestibulateral lobe in the teleost oculomotor system network: electrical microstimulation of this region elicits ipsiversive horizontal eye movements, and its Purkinje cells exhibit eye-velocity-related activity (Pastor et al., [@B33]). Furthermore, the eminentia granularis receives mechano- or vestibulo-sensitive inputs from numerous hindbrain sources, and Purkinje cells directly project from the caudal lobe to the vestibular nuclei (Straka et al., [@B39]). Another source of direct cerebellar output is provided by the eurydendroid cells (Finger, [@B10]; Ikenaga et al., [@B21]), which are equivalent to mammalian deep cerebellar nucleus neurons. Eurydendroid cells could underlie the efferent output from the cerebellar vestibulolateral lobe to the oculomotor nucleus, given the similarity of their somato-dendritic morphology (Torres et al., [@B42]) and their putative non-inhibitory character (as shown here, labeled cells were negative for GABA). Furthermore, this pathway seems to be particular to fish, as it has not been reported in mammals (Torres et al., [@B42]).

In mammals, the rostral interstitial nucleus of the medial longitudinal fasciculus and the interstitial nucleus of Cajal are located rostral to the oculomotor nucleus. These two nuclei, which contain premotor neurons that are related to vertical upward, downward, and torsional saccadic eye movements, project to the oculomotor nucleus, predominantly on the ipsilateral side (reviewed in Horn, [@B20]). Anatomical studies have revealed GABAergic neurons in the rostral interstitial nucleus of the medial longitudinal fasciculus and interstitial nucleus of Cajal projecting to the oculomotor nucleus, and these neurons could contribute to the control of vertical eye movements (Spencer and Wang, [@B37]; Horn et al., [@B19]). Studies of the region rostral to the oculomotor nucleus in the goldfish, which includes the nucleus of the medial longitudinal fasciculus, have suggested that it is involved in locomotion (Kobayashi et al., [@B24]) but could also contribute to the encoding of vertical and horizontal saccadic eye movements (Luque et al., [@B26]). Neurons located within the nucleus of the medial longitudinal fasciculus or close to it were bilaterally labeled, with ipsilateral predominance, following the injection of the BDA into the oculomotor nucleus, and some of these cells (all located ipsilaterally) were also positive for GABA. Based on these findings, the possibility remains that the nucleus of the medial longitudinal fasciculus and its surrounding area in the goldfish could contribute to eye-body movements, similar to those nuclei located rostral to the oculomotor nucleus in mammals.

The second major projection of GABAergic neurons to the oculomotor nucleus in the goldfish was from the rhombencephalic reticular formation. These neurons were mainly located in the medial reticular region and, to a lesser extent, in the inferior reticular region. In functional terms, reticular neurons surrounding the rostral and caudal abducens nucleus exhibit phasic--tonic and phasic signals related to horizontal eye movements (Gestrin and Sterling, [@B12]). Caudal to the abducens nucleus, the activity of neurons has been correlated with eye-velocity and eye-position, and from a physiological perspective (for the lack of an explicit compelling nomenclature) these neurons are located in the hindbrain nuclei called Area II and Area I, respectively (Pastor et al., [@B32]; Aksay et al., [@B1]). On the basis of vestibular synaptic inputs, firing patterns, and embryological evidence, the Area I and Area II have been proposed as functionally analogous (not homologous) to the mammalian prepositus hypoglossi nucleus; but eye-position and eye-velocity related neurons are located into two separate hindbrain nuclei in goldfish (for further details see Straka et al., [@B39]). In summary, the rhombencephalic reticular formation neurons of goldfish discharge with similar patterns to the mammalian neurons involved in the circuitry for the generation of horizontal saccades (Scudder et al., [@B35]; Sparks, [@B36]). Assuming that the retrogradely labeled neurons found in the present study were saccade-related cells, it could be proposed that premotor neurons lying in the reticular formation of the goldfish are involved in the control of eye movements and fixation through a direct connection, in part GABAergic, with the oculomotor nucleus. Consistent with this proposal, monosynaptic inhibitory inputs to the oculomotor nucleus motoneurons from pontine reticular regions have been reported in mammals (Grantyn et al., [@B15]), and inhibitory effects from the prepositus hypoglossi nucleus upon these motoneurons have been proposed (Lopez-Barneo et al., [@B25]). This pathway could act concurrently with the abducens internuclear neurons to perform conjugate horizontal movements in vertebrates.

The major projection to the oculomotor nucleus in the goldfish was located in the nuclei of the octaval column. Neurons were found in the ipsilateral anterior octaval nucleus and in the contralateral anterior, tangential, and descending octaval nuclei. This rostro-caudal arrangement of retrogradely labeled neurons in the octaval column is similar to that found in the mammalian vestibular nuclei projection to the oculomotor nucleus, with labeled cells being reported in the ipsilateral superior vestibular nucleus and the contralateral medial, lateral, and descending vestibular nuclei (Highstein and McCrea, [@B18]). In addition, the most abundant source of GABAergic inputs to the oculomotor nucleus in the goldfish arises from the ipsilateral anterior octaval nucleus, with most of the neurons within the contralateral octaval nuclei being non-reactive for GABA. This pattern is consistent with the available information in the goldfish showing that electrical stimulation of the ipsilateral vestibular nerve evokes inhibitory postsynaptic potentials in the oculomotor motoneurons, whereas the stimulation of the contralateral nerve evokes excitatory postsynaptic potentials (Graf et al., [@B14]). Studies in frogs also support a push--pull organization of signals reaching vertical and oblique motoneurons in the oculomotor and trochlear nuclei from the second order vestibular neurons. Such organization involves an ipsilateral-GABAergic inhibitory input to the motoneurons (Straka and Dieringer, [@B40]). The results in fish and frogs resemble those reported in mammals, as a result of which it has been proposed that vestibular signals from each of the six canals form nearly exclusive contralateral/excitatory and ipsilateral/inhibitory three neuron arcs terminating in the appropriate extraocular motoneuron subgroups (Evinger, [@B9]; Highstein and McCrea, [@B18]). Therefore, the pattern of connectivity and GABAergic inputs to the oculomotor nucleus reported here supports the proposal by Graf et al. ([@B14]) that homologous structural traits have been essentially preserved in the vestibulooculomotor system throughout vertebrate phylogeny.
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